Abstract. The need for anisotropic soil reflectance in canopy reflectance modeling is assessed for different sampling and canopy conditions. Based on the results for grasslands, a soil model is inverted with ground-based radiometer data from the First International Satellite Land Surface Climatology Project (ISLSCP) Field Experiment (FIFE). A general solution applicable over different spectral bands, solar angles, and soil moisture levels is determined using a diverse data set. With this solution, the model can be used as a lower boundary condition in FIFE canopy modeling. Despite the previously reported independence of retrieved model parameters to data sampling conditions, solutions determined with more limited data sets vary significantly. Moreover, the semiphysically based model may not accurately predict reflectance in angular regions where data are absent in the inversion process. These findings are important for the Earth Observing System multiangle imaging spectroradiometer (MISR), which will gather data in essentially one azimuthal plane per pass like the instrument used in this study did.
Introduction
Anisotropic reflectance has been observed over various soils including alkali flats, rocky deserts, and plowed fields. This anisotropy may be rather severe, exhibiting strong backscattering for rougher surfaces and strong forward scattering for smoother surfaces. In fact, the anisotropy in soil reflectance can exceed that of vegetation [Eaton and Dirnhirrn, 1979] .
Field studies have shown that soil reflectance anisotropy affects top-of-canopy (TOC) reflectance of thin canopies [Kirnes et al., 1985a,b] . Despite the prevalence of sparsely vegetated land on the Earth's surface the inclusion of anisotropic soil boundaries in canopy reflectance models is far from universal. Indeed, most canopy models to date have either been of semiinfinite optical depth [e.g., Dickinson et al., 1990] or of finite depth with a Lambertian lower boundary [e.g., Verhoef, 1984] . Although the former approximation is reasonable for dense canopies, the suitability of a Lambertian approximation below thin canopies is doubtful. In fact, while many anisotropic soil models have been developed, the conditions requiring their use in vegetation models remain poorly defined. Moreover, the determination of a soil model under simulated remote sensing conditions has not been fully investigated. For example, soil parameters should ideally be determined from a small set of samples yet be applicable over all view angles, moisture levels, spectral bands and solar angles. Although practical issues may limit this determination, a realistic soil boundary is nevertheless necessary for the accurate use of canopy bidirectional reflectance distribution function (BRDF) models.
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The recent coupling of a numerical canopy reflectance model [Myneni et al., 1992] with an anisotropically reflecting soil model [Jacquemoud et al., 1992 ] presents an efficient tool with which thin/sparse canopy modeling can be advanced.
DISORD is a turbid medium BRDF model based on the discrete ordinates solution to the radiative transfer equation [Myneni et al., 1988] . The model is three-dimensional, allowing variable properties in both the horizontal and the vertical directions. It models all known vegetation scattering phenomena and has been validated against several sets of field reflectance data. Further details may be found in the work of Myneni et al. [1992] . For the purposes of this study, DISORD was operated in one-dimensional mode (i.e., horizontal homogeneity was 
Errors With a Lambertian Soil Assumption
Previous studies [Goel and Thompson, 1984; Privette et al., 1994] have shown that canopy leaf area index (LAI) in part dictates the relative contributions of the soil and canopy to TOC reflectance. Studies suggest that soil reflectance becomes much less important as the canopy LAI exceeds about 3.0 [Kimes, 1983; Iaquinta and Pinty, 1994] .
In this study, the effects of soil anisotropic reflectance were gauged at different LAI levels by comparing the TOC reflectance determined over LambertJan and anisotropic soil models. The anisotropic soil model was specified with parameter values obtained for a rough clayey soil [Jacquemoud et al., 1992]. The cos values for slightly moist conditions were used.
The SZA was set to 30 ø. The corresponding LambertJan reflectance was determined by a least squares fit of the anisotropic soil reflectance in 26 directions, evenly spaced, over the upper hemisphere. All canopy and irradiance parameters, excluding the varying LAI, were set to values encountered over a Kansas grassland [Sellers et al., 1988] . Although turbid medium models are not well suited for thin canopy conditions, low LAI values were included so that general trends would be obvious.
Errors in red TOC reflectance caused by Lambertian soil reflectance are shown in Figure 1 . Most notable is the large reflectance deficit in the retrosolar direction. Strong backscattering (the hot spot) in true soil reflectance leads to this effect [Kimes, 1983] . Naturally, this effect is most pronounced at low LAI values and decreases as the canopy pathlength increases with LAI. Equally predictable is the overestimation of forward scattering since actual soil reflectance decreases markedly in the forward directions [Kimes, 1983] . These effects do not occur for some smooth soils [Jacquemoud et al., 1992] . Finally, the decrease in errors with increasing VZA (forward or backward) illustrates the effects of increasing pathlength on soil-reflected radiance.
Errors significantly smaller relative to the canopy reflectance. This occurs since vegetation acts primarily as an absorber over relatively bright soil at red wavelengths, but vegetation is typically brighter than soil in the NIR. In addition, high multiple scattering in the canopy moderates the impact of soil reflectance anisotropy at NIR wavelengths.
Determination of a Soil Boundary Condition
In a separate paper [Privette et al., 1995] the inversion of DISORD with data gathered over grasslands is discussed. The determination of a suitable soil boundary condition for that investigation, given the results of section 3, is presented here.
FIFE Surface Description
The First International Satellite Land Surface Climatology Project (ISLSCP) Field Experiment (FIFE) was a comprehensive study of a grassland climate and ecosystem in Kansas [Sellers et al., 1988] . The experiment included the coordinated measurement of soil, canopy and atmospheric properties via ground, aircraft, and space-borne detectors. Although most FIFE measurements were conducted in 1987 and 1989, only the 1989 (intensive field campaign 5) data were used here. Site 916 (4439-ECV), located near the center of the 15 km x 15 km FIFE area, was chosen for this investigation. This choice was based on the relatively moist conditions, availability of extensive ancillary data, and comprehensive radiometric measurements. Site 916 underwent a prescribed burning in the spring of 1989 to eliminate dead vegetation from previous years. The site was not grazed or cultivated. The soil was of the Dwight series.
Definition of the Inversion Problem
To determine surface properties from reflectance data, model inversions are necessary. The inversion problem may be stated as follows: given a set of empirical directional reflectance values, determine the set of independent model parameters such that the modeled reflectance most closely resembles the measured reflectance. The merit function [Goel, 1988], e 2, provides a numerical measure of this "resem- Assuming a Lambertian soil, at least six canopy parameters may be successfully retrieved in a DISORD inversion [Privette et al., 1994] . However, the potential addition of six parameters for anisotropic soil reflectance meant DISORD would contain 11 adjustable parameters. To avoid overdetermination of the data, the parameter set was reduced. A previous study [Privette et al., 1994] suggested that model parameters producing the greatest change in TOC reflectance for small perturbations (analogous to the largest partial derivatives) are the same parameters that can be most accurately retrieved via model inversion. In contrast, parameters producing minimal changes may be fixed without significant loss of accuracy. 
Invariance of Soil Roughness and Phase Function Parameters
On the basis of the results above, the soil roughness and phase function parameters (h, b, c, b •, c •) were chosen to be fixed for the DISORD inversions. However, the appropriate values with which to fix these parameters must be determined through inversion as they cannot be directly measured.
The roughness parameter has been related to the porosity of the medium. Thus after inversion the retrieved value should depend primarily on the soil type, not the sampling conditions (e.g,, wavelength, geometries). The same may not be true for the phase function parameters. However, upon extensive inversion studies with laboratory reflectance data, Jacquemoud et al. [1992] concluded that the set {h, b, c, b •, c •) is invariant for a given soil. These conclusions were not derived theoretically but were based on experimental evidence. Moreover, the parameter independence with soil moisture was invalid for smooth soils, particularly those with high clay content, since these soils exhibit a large specular effect near saturation but a decreased specular effect and increased backscatter with drying. For the purposes of this study, however, one set of soil parameter values that applies for all soil, canopy, and sampling conditions at site 916 was sought. Table 3 ). Typically, three samples were collected at each angle. In this study, all samples at a given angle were averaged. Since the instrument boom and housing occasionally shadowed the target area, the data were filtered such that contaminated samples were eliminated. The filter was based on the solar and view angles and was independent of the reflectance value. Soil data from five days ( Although natural diffuse irradiance is anisotropic, an isotropic parameterization was developed for this study. The scheme utilized an equally weighted quadrature procedure to determine the additional reflected component for each rj.
Because of its isotropic nature this parameterization depended only on the fraction of direct to total irradiance, ?.
The effect of diffuse irradiance on principal plane reflectance is shown in Figure 4 for a clayey soil. As ? increases, the magnitude of the hot spot decreases due to the reduction in direct irradiance. Furthermore, scattering in the forward domain increases due to backscattering of diffuse irra- As ¾ was not measured in MMR bands during FIFE, its value was estimated using the 5S atmospheric model of Tanrd et al. [1990] . To simulate actual conditions, the aerosol optical depth, water vapor, and column ozone were determined from FIFE data; a US62 thermodynamic profile and continental Although parameter constraints were not employed by Jacquemoud et al. [1992] , they were necessary here to prevent errant results (e.g., negative reflectance values). The limits in Table 4 To assess the spectral independence of the solutions, those 
Inversions Using All Data (ALLDATA)
Because of their dependence on solar angle the solutions above are unsatisfactory. Nevertheless, the results do suggest that inversions using more diverse data sets produce solutions with less dependence on sampling conditions. Following Jacquemoud et al. [1992] , we included all samples (multiple bands, solar angles, and soil moisture levels) in a single inversion. This configuration would presumably allow better discrimination between scattering mechanisms (e.g., backscatter versus hot spot effects). Moreover, the minimization problem would be highly overdetermined, an advantageous situation given the limited MMR sampling. To test the generality of the solutions, reflectance values were calculated for 27.4 ø and 58.1 ø SZAs using both solutions (DIFF and NODIFF). Results are shown in Figures 8 (band 1,  SZA--27.4 ø, soil moisture--26%) and 9 (band 7, SZA=58.1 ø,  soil moisture--36%) . The NODIFF solution again produced a better fit (Figure 8) . While the hot spot is underestimated and the forward reflectance is overestimated, the maximum error is less than 10% relative. Comparing Figures 7 and 8, it is These results suggest that the neglect of our diffuse irradiance formulation during inversion leads to more general solutions. While this may not be true for hazy atmospheres, all data used in this study were gathered under clear skies. Thus in the analyses below the ALLDATA NODLgF solution is used exclusively.
Model Validity in Directions Absent of Data
The results above demonstrate that inversion solutions can depend on the solar angles of the inversion data. The solutions may likewise depend on the view angles. Indeed, because FIFE MMR sampling was restricted to seven view angles in the principal plane, the validity of the solutions was not ascertained for other directions (e.g., off the principal plane, at VZA > 50ø). Thus in an effort to validate the ALLDATA solution, the effects of limited sampling geometries on inversion results are investigated below. [1985b] , however, were gathered over a plowed field. Moreover, these data were collected in multiple azimuthal planes and over a large range of VZAs (see Table 3 Table 5 ) and clayey soil solution from Jacquemoud et al. The orthogonal plane reflectance is shown in Figure 15 . Most solutions show slightly decreasing reflectance to about VZA = 45 ø, followed by sharp increases. This general behavior is similar to the MMR solution (cf. Figure 13 ; note differences in scales), although the reflectance increases at a greater rate for some arid soil solutions. Recall that the arid soils were not sampled at large VZAs (> 50ø), however. Thus the accuracy of the model reflectance at these angles is uncertain. The wet sand results again differ from those of the other surfaces.
Solution Dependence on Sampling Scheme
The above results suggest that the validity of the MMR solution is questionable for some directions (VZA > 50 ø or in the orthogonal plane). However, some differences between the various solutions are due to surface differences. To estimate errors due strictly to MMR sampling geometry, the Kimes et al. Finally, since directly shaded samples could only occur near the solar direction, the shadow filter may have biased the results. Specifically, nadir and forward scatter regions were better represented than the backscatter region. Thus forward scattering characteristics would preferentially influence the solutions. Furthermore, the trigonometric filter does not eliminate all shading effects since natural diffuse irradiance is incident from all directions.
To develop a suitable lower boundary condition for a canopy reflectance model, the soil model was inverted using ground-based radiometer data from FIFE. Results showed that comprehensive sampling (data from all available spectral bands, solar angles, and soil moisture levels) was necessary to provide a generally applicable solution. Single-band inversions did not provide spectrally independent solutions and multiple-band inversions (at a single solar angle and moisture level) did not produce solutions applicable to other solar angles and moisture levels. The inversion of a canopy reflectance model, using results from this study, is reported elsewhere [Privette et al., 1995] .
Finally, the need for angularly diverse samples in the inversion of the reflectance model was shown. Specifically, soil model reflectance in the orthogonal plane can be inaccurate when model parameters are determined exclusively from principal plane data. This problem has not been observed with a physically based canopy model [Privette et al., 1994] . Thus it appears that inversions with less rigorous reflectance models may require more cautiously compiled data sets. This is important given the planned EOS multi-angle imaging spectroradiometer (MISR) [Diner et al., 1989 ] which, for targets in its ground track, will scan one azimuthal plane per pass.
